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Abstract—This This paper focused on the effect of 
thermosyphon limits on the design of a taper 
thermosyphon drill for dry drilling operation. Although, 
other methods such as minimum quantity lubrication 
have been sought but the harmful effects of metal 
working fluids persist. This study however focuses on 
the design, fabrication and testing of a thermosyphon 
drill for eliminating the use of metal working fluids in 
drilling operations. The methodology included the 
design of a taper thermosyphon drill, analysis of the 
thermosyphon drill, manufacturing and testing of the 
thermosyphon drill. A virtual design and stress analysis 
of the reversed tapered thermosyphon was done using 
SolidWorks software. A high speed steel drill bit was 
manufactured to suit the design requirements of the 
thermosyphon. The thermosiphon was then fabricated 
within the machine shop floor using Electric Discharge 
Machining through method of spark erosion. A reverse 
tapered thermosyphon was designed to improve the 
optimal performance of the drill. The reversed tapered 
thermosyphon specification includes a 20 mm diameter 
drill, a length of 140 mm and web thickness 7mm, with a 
taper thermosyphon of 6.48 mm large diameter and 2.5 
mm small diameter on a length of 114 mm. The optimal 
position stress analysis shows that the tapered 
thermosyphon drill experienced a Von Mises Stress of 
38.4 MPa for the cutting distance from the drill tip and 
372°C for the optimal temperature. The optimal position 
stress analysis also showed a Von Mises Stress of 17 MPa 
for the largest taper diameter and 433°C for the optimal 
temperature. The thermosyphon drill bit was 
manufactured and tested against the dry drill and metal 
working fluid drill bit. The results displayed a reduction 
in drill bit peak temperatures on the drill bit tip of about 
40% for the dry drilling and thermosiphon drilling 
processes. 
Keywords-component; Dry Drilling, Thermosyphon, Heat 
Pipe, Metal Working Fluids. 
I.  INTRODUCTION  
     Hitherto, the machining industry employs metalworking 
fluid (oils and water) to disperse the heat generated by 
cutting tool, prolong the tool life and achieving a better 
surface finishing of work pieces. Cutting fluids are mixture 
of water and oil known as emulsions. Metalworking fluid 
accounts for about 17% of machining cost amounting to 
1,100 million USD in 2016 and estimated to increase to 
1,500million by 2020 [1]. The procurement, maintenance 
and disposal of these metal working fluids accounts for 17% 
per component in automotive industry [2]. However, bulk of 
the metalworking fluids are harmful, causes respiratory 
problem from inhalation [3] and pose health risks to 
operators due to emissions during machining activities [4]. 
Also, metalworking fluid may lead to poor lubrication 
properties and corrosion. This study aims at eliminating 
these demerit of metalworking fluid. 
It was also reported that the Environmental Protection 
Agency (EPA) continue to regulate exposure of harmful 
substances to workers by setting limits to airborne 
substances from these metal working fluids. The 
Occupational Safety and Health Administration (OSHA) has 
also reduced exposure of harmful substances towards 
workers. The National Institute for Occupational Safety and 
Health (NIOSH) paints a dire picture in terms of statistics of 
number of workers who suffer due to being exposed to 
metal working fluids. It is logical to seek solutions which 
are environmentally friendly to reduce if not eliminate the 
effects of metal working fluids.  
Dry drilling is one of the environmental-friendly and 
economical viable replacement to cutting fluid [5]. In dry 
drilling, the metal shavings are removed from the drill bit 
using stream of gas or air in place of fluid. One of the 
methods used to achieve dry drilling is the use of 
thermosyphon or heat pipe for moving heat away from the 
cutting point of a drill bit or machining tool [6]. The metal 
working fluid is removed from the process of dry drilling. 
The merit of this process includes cost reduction in costs of 
disposal, health and safety. Previous research [4] has proved 
that thermosyphons have the capability to reduce the 
temperature of the drill bit tip, this research demonstrated 
the ability of thermosyphon to transfer away heat from the 
drill tip. Research also showed that a temperature reduction 
of up to 60% is achievable when compared to solid drills 
[4]. It was also discovered that heat pipes could achieve a 
temperature reduction from 343.1°-189.4°C through heat 
pipe cooling [7].  
 
A numerical study and an experiment conducted [8], sought 
to insert the heat pipe within a drill bit for conducting heat 
away from the drill tip in drilling applications. The study 
also determined the suitable distance from the drill tip for 
the heat pipe insertion for drill material integrity. The 
complexity in the method of inserting the heat pipe within 
the drill tip was re-iterated and maintaining drill strength. It 
was also discovered [9],  that the heat pipe inserted within a 
Ø25 mm drill and rotated with heat pipe 25.4 mm away 
from the drill tip, that the reduction in temperature was 41% 
within a vertical position. This study however concluded 
that better results could be achieved with a larger diameter 
heat pipe.  
 
As shown in Figure 1, thermosyphons, like heat pipes, 
function through the process of evaporation and 
condensation. However, the difference between 
thermosyphons and heat pipe is presence of wick in heat 
pipes and absence in thermosyphon. Liquid within the 
evaporator section is heated and transported as vapor from 
the evaporator section to the condenser and cooled back to 
liquid at the condenser section. The vapor passes through the 
adiabatic section and condenses back to liquid at the 
condenser section, and then back to the evaporator through 
gravitational force and/or centrifugal force of rotating taper 
in the thermosyphon. 
 
 
Figure 1: Tapered thermosyphon design (2) 
 
    The design of a thermosyphon brings about limitations 
that need to be overcome. These limits of boiling, 
entrainment, sonic and condensing must be overcome in the 
design of a thermosyphon that is able to remove heat away 
from the drill tip [10] [11] [12]. Liquid heated in the 
evaporator section forms bubbles (nucleate boiling) and 
creates vapor as heat is constantly applied, the vapor moves 
up the thermosyphon [13]. The vapor is condensed through 
the loss of latent heat at the condenser area, the condensate 
tends to flow back towards the evaporator section due to 
gravitational force and/or centrifugal force. The 
gravitational/centrifugal force of the liquid opposes the 
shear force of the vapor flowing upwards. The evaporator 
experiences dry out when the shear force of the vapor 
exceed the gravitational/centrifugal force of the liquid. This 
can be overcome through an increase of thermosyphon 
bottom diameter size [13]. A flow of selection of 
dimensions is demonstrated where the governing factors of 
the thermosyphon are demonstrated on a flow. This 
governing factors are the flooding limit towards the 
diameter of the thermosyphon, the boiling limit towards the 
evaporator length. Other factors are the condenser limit 
towards the condenser length and the dry out towards the 
filling ratio [14]. This study designed, analyzed and 
manufactured a 20 mm diameter tapered thermosyphon drill 
bit to reduce hazards to machine operators and 
environmental pollution caused by harmful coolants. 
II. DESIGN CONCEPT 
This design of a thermosyphon took into consideration the 
drill bit standard manufacturing dimensions. This is to 
ensure that insertion of the thermosyphon comply to the 
limitations of standard drill bit dimensions. Studies 
conducted have sought to determine the dimensions that a 
thermosyphon has to comply for optimum results [4]. A 
rotating taper thermosyphon, through the centrifugal forces, 
assist the condensate flow to the evaporator as well as 
gravitational force (depending on the orientation). Research 
has proved the effectiveness of the thermosyphon over the 
heat pipe and solid drill bit for heat transfer capability. The 
design therefore focused on a taper thermosyphon inserted 
within a drill bit as shown on Figure 2. This selection for the 
design, was proved through the experimental design when 
considering the effect of rotational speed on the taper 
thermosyphon [11]. A zero net gravity point was established 
to ensure that the thermosyphon operates without allowing 
boiling dry out. It is worth noting that the working fluid 
must be higher than this point for the effective cooling [11].  
Solid Works Software was employed in the design of a 
tapered thermosyphon drill bit of 20 mm diameter with 7 
mm web. Figure 3 below shows the structure of the tapered 
thermosyphon drill bit. The optimal distance of the 
thermosyphon within the drill bit from the cutting edge was 
determined. This study considered the distance of 25.4 mm 
from cutting tip in order to ensure drill tip material integrity 
[6].  
 
 
Figure 2: Tapered thermosyphon design 
 
A stress analysis of the drill bit was conducted to 
determine the optimal position of the thermosyphon large 
diameter. Figure 3 gives the combined graph of temperature 
plotted against distance of cutting edge and another plot of 
Maximum Stress versus Distance from cutting edge graph. 
The standard drill experienced a maximum Von Mises stress 
of 34.549 MPa. The analysis of the thermosyphon was done 
with a thermal conductivity of 80 kW/mK and a specific heat 
value of 4220 J/kg.K using a maximum temperature for a 
standard drill of 554.18 °C. An optimal position of the 
highest decrease in temperature and lowest increase in 
strength and stress values are depicted on Figure 4 on 
intersection. The location is therefore at 12 mm away from 
the cutting edge and this is a point where the larger diameter 
of the thermosyphon will be located. This position is shown 
on Figure 3 where the optimal cutting distance is depicted by 
the intersecting graphs. At the optimal position, the Von 
Mises Stress experienced by the drill is 39 MPa whilst the 
temperature being 370°C. The dimensions of the taper are 
also simulated as the greater the diameter of the 
thermosyphon larger end, the more the stress increases. The 
analysis shows an optimal position of the larger diameter of 
the taper as 4.7 mm and that of the smaller diameter being 
initiated at 2.5 mm as shown in figure 5 where the two 
graphs intersect. This position shows that the drill 
experiences an optimal Von Mises Stress of 17 MPa whilst 
also showing an optimal temperature of 433°C. 
 
 
Figure 3: Stress versus Distance from cutting edge and 
Temperature versus Distance from cutting edge 
 
Figure 4: Stress versus Temperature versus Taper Diameter 
    Figure 4 gives the result of the thermal analysis 
conducted, with heat input from the cutting edge upwards of 
the drill bit. The analysis was conducted with a 330 kW/mK 
for 15 seconds, at the drill cutting edge and upwards the 
spiral to 25 mm from cutting edge. This shows a reduction 
in temperature from the cutting edge towards the shank, the 
maximum temperature experienced was 382.04 °C.  
 
A. Design  
Figure 5 shows the design, where the reverse taper 
thermosyphon is demonstrated, and this is more optimized 
than previous study [4]. The parallel thermosyphon on a 
study by Jen et al [4], focused on the vertical drilling 
approach, which was more gravity assisted for the 
thermosyphon fluid to cool the drill tip. Jen et al [4], thus 
tested the vertical, gravity assisted direction of the 
thermosyphon and hence no other orientation. They later 
concluded that this was a disadvantage of the drill bit. Jen et 
al [4], also used a 266.7 mm long drill bit, which was 
sufficient for a parallel drill bit. However, this study opted 
for a shorter drill bit sufficient to accommodate a 114 mm 
long thermosyphon, thereby optimizing the taper of a 1° over 
its length. This shorter length assisted in increasing the 
surface area of the larger diameter taper to 6.48 mm 
diameter, located 25.4 mm away from the drill bit tip.  Jen et 
al [4], also recommended a design that is large enough to 
accommodate the thermosyphon. This study opted to use a 
larger web thickness instead of increasing the drill bit 
diameter, which would have led to a requirement for a 
different Morse taper of the drill, than keeping to the 
standard parallel shank. This design therefore maintained a 
drill bit diameter of 20 mm, which is standard. 
 
 
Figure 5: Thermosyphon Drill Design 
 
B. Manufacturing 
The manufactured drill displayed on Figure 6, shows the 
insertion of the Thermosyphon from the small diameter 
taper at the end of the drill to a large diameter taper position 
within the drill bit, which is similar to what previous testing 
conducted on parallel heat pipes [12]. The Electric 
Discharge Machining manufacturing process involves the 
use of a 2 mm electrode to create a hole within a drill bit, 
this is in order to create a 5.5 mm bore for the insertion of a 
thermosyphon on a 20 mm diameter drill. The 
thermosyphon was created through the insertion of a copper 
tube with a reverse taper for the thermosyphon of 114 mm 
length. A copper pipe was also drilled through electric 
discharge machining in order to create a reverse taper with a 
large diameter of 5 mm and a smaller diameter of 2.5 mm. 
This was then inserted within the taper in order to create a 
reverse taper for the thermosyphon. The thermosyphon drill 
manufactured was then filled with 0.25 ml water which is 
contained in an enclosure for the evaporation and 
condensation process, representative of about 20% filling 
ratio of thermosiphon. The study noted the following 
research conducted; 30% filling ratio was found sufficient 
[15], 20% filling ratio was also utilized and found optimal 
[16] and 11% filling ratio was found to be sufficient for an 
annular heat pipe [17]. This study therefore opted for 20% 
filling ratio due to a gravity assisted position of a truncated 
cone shaped thermosiphon.  
 
 
Figure 6: The manufactured Thermosyphon Drill Bit 
III. DETAILS OF TEST  
A. Machine Set up 
The test was conducted using a solid drill with and 
without metal working fluid and compared to a 
thermosyphon inserted drill bit without the use of metal 
working fluid. A test was conducted on a drilling machine 
which has an advantage of setting exact speed, feed rate and 
options for using large diameter drills [6]. Similarly, in this 
case, the drilling machine was utilized to rotate the drill bit. 
The independent variables were method of cooling, drill 
speed, feed rate, thrust force and torque; whilst the 
dependent variables were drill tip temperature and tool 
wear. The discrete variables were drill bit diameter and 
machine vibration for extraneous variables. The tests were 
conducted using speed of 245 rpm and the drills had to drill 
through a block of 30 mm mild steel block, while evaluating 
the condition of the drill bit. This spindle speed was 
calculated against cutting speed, feed, material removal rate 
and machining time per hole. The test set up is depicted on 
Figure 7, with the drill bit set on a radial arm drilling 
machine and using an infrared thermometer gun to measure 
the temperature of the drill entry and exit points. 
 
Figure 7: Experimental evaluation and testing of the drill bit 
IV. RESULTS 
A. Dry Drilling 
The results of the solid drill only managed to go through 
the 37 holes with the drill failing when not using metal 
working fluid as depicted on Figure 8. The speed of this 
drill was 245 rpm and the tip temperatures were measured 
on entry of drill bit and exit of drill bit. A steady decline in 
condition of the drill as the temperature increases from one 
hole to the next, until the 37th hole. However, there was a 
drastic increase at hole number 30 where the temperature 
was 212°C as expected because of no coolant used. This is 
shown in Figure 8, where the graph outlines the variations 
in temperature through the number of holes drilled. 
 
Figure 8: Temperature versus number of Holes Drilled for 
dry drilling at 245 rpm. 
 
B. Metal Working Fluid Cooling 
The use of metal working fluid is a method that is 
largely in use and has been proved to have negative impacts 
which this study seeks to undo. In this test however, to 
compare the performance of a thermosiphon, an insertion 
within a drill bit, must be carried out, with the known aspect 
of a large reduction in temperature. The drill therefore was 
tested on a speed of 245 rpm. As depicted on Figure 9, there 
was no large increase in temperature even after 20 holes 
were drilled, when compared to drilling without coolant. 
The drill tip temperatures (before and after) remained 
constant due to the use of metal working fluid, thereby 
keeping the tip temperature cool. 
 
Figure 9: Temperature versus number of Holes Drilled for 
metal working fluid at 245 rpm. 
C. Taper Thermosyphon Drill Bit Cooling 
Drilling was also conducted at a speed of 245 rpm with a 
thermosyphon inserted within a drill bit in line with the 
testing on other drills for dry drilling and metal working 
fluid drilling. On this speed, there were 37 holes drilled 
before, with a similar duration of cut, averaging 71 seconds. 
Figure 10 displays the number of holes drilled and the 
increases in temperature as the holes are drilled. 
Temperatures never peaked to the same degree as on dry 
drilling. The drill bit cutting edges also experienced wear 
after all the holes were drilled. 
 
Figure 10: Temperature versus number of Holes Drilled for 
taper thermosyphon at 245 rpm. 
D. Drill Bit Tool Wear 
The drill bit experienced tool wear at the edges of the 
drill tip similar to what was experienced on previous study 
[12]. Each block of mild steel drilled displayed 
characteristics of tool wear especially on dry drilling due to 
the lack of metal working fluid use. This was also 
experienced on previous research [4] where it was further 
explained that built up edge is caused by metal chips or 
shavings, coming into contact with the cutting edge due to 
high temperatures. It was discovered that this tool wear was 
minimal and cannot cause drill bit failure as the flank wear 
was less than 0.1 mm when compared to previous research 
[4].  This is seen on Figure 11 where the built up edge and 
tool wear is not as severe, especially during thermosyphon 
drilling. Warm working temperatures indicate the 
requirements to generate built up edge on drill bit tips, the 
temperatures are however not high enough for 
recrystallization temperatures [4]. The temperatures 
experienced in this study were therefore more suitable for  
built up edge to indicate drill failure than flank wear [4]. 
Table 1 below demonstrates the results in drill bit wear, for 
the three processes of metal working fluid drilling, dry 
drilling and thermosiphon drilling. 
 
Figure 11: The manufactured drill bit showing Tool wear 
TABLE I.  DRILL BIT WEAR 
Drill bit tip wear by drill bit temperature  
Metal Working 
Fluid Drilling 
Dry Drilling Thermosyphon 
Drilling 
77°C – temperature 
not sufficient for 
built up edge. 
421°C – over 
340°C, suitable for 
lower limit of warm 
working 
temperature for built 
up edge. 
251°C – temperature 
not sufficient for 
built up edge. 
E. Results Comparison 
The following graphical representation of results in figure 
12, demonstrates a comparison of the three tests conducted. 
The comparison graph details the initial temperature 
comparisons and the temperatures on exit of drilling the 
block of steel. The thermosiphon method performs 
consistently through the 37 holes and does not peak to the 
same levels as the dry drilling method. This is due to the 
presence of the working fluid within the thermosiphon on 
evaporation and condensation maintaining the condition of 
the drill tip and averting deterioration of drill material. 
 
 
Figure 12: Temperature vs Number of Holes comparison of 
three methods 
V. DISCUSSION OF RESULTS 
The three sets of tests for the drill bit evaluation were 
conducted for, dry drilling, drilling with metal working fluid 
and drilling with a thermosyphon inserted drill, which is 
similar to what was conducted on previous research [4] [12] 
[6]. This specific study sought to introduce a reverse tapered 
thermosyphon as compared to the traditional parallel 
thermosyphon on previous research [12]. The evaporation 
and condensation process brought about a limitation for the 
parallel thermosyphon which was vertical due to the designs 
[4]. This study sought to break this limitation through the 
introduction of a reverse taper where the evaporation and 
condensation process could not be limited to the vertical 
direction in drilling.  
 
The reverse taper meant that the fluid will be contained for 
longer periods within the large diameter position of 
evaporation of the thermosyphon. Figure 8 shows the drastic 
change in temperatures for dry drilling as compared to 
thermosyphon drilling peaking at 202℃ on exit temperature. 
On hole number 2 at Figure 8, for dry drilling, the drill 
experienced a large change in temperatures between entry 
and exit, and this is 134℃. The drill bit experienced less 
increase in drill bit temperatures, for entry and exit for 
thermosyphon drilling, this was 121°C as seen on Figure 10. 
The drill bit experienced a less increase in temperature for 
drilling with using metal working fluid, the maximum 
change in temperature was 30° and this is expected as the 
functions of metal working fluids are to cool drill bit tips.    
 
The drill bit also displayed better condensation which was 
more effective as the taper would optimize the flow of fluid 
within the thermosyphon, back towards the evaporator. This 
study noted that the drill bit design with a larger web 
thickness as compared to the large drill bit size was more 
effective due to accessibility to other orientations [4]. This 
optimized design contributed to a better flow in 
condensation as the drill tip temperatures for entry and exit 
were not drastic for the thermosyphon. The three tests were 
conducted within stable durations as the average times for 
completions were not too far apart maintaining consistency, 
for dry drilling 70.6s, for thermosyphon 91.8s and 69.7s for 
metal working fluids. 
VI. CONCLUSIONS 
The results showed that the dry drilling and 
thermosyphon cooled methods experience higher 
temperatures on exit of drill bits. This is expected due to the 
elimination of metal working fluids from the drilling 
process. The drills exhibited wear on the cutting edges 
which is also expected due to friction when drilling through 
the mild steel material. Similar results were also obtained 
[4] [12], due to the function of the metal working fluid 
within drilling applications. These results however 
demonstrated that the limitations of parallel thermosyphons 
can be overcome due to the introduction of a reverse tapered 
thermosyphon. The limits of vertical  positioning and 
restriction for the operation of the thermosiphon was 
mentioned on previous study [4]. The authors highlighted 
this limitation as a disadvantage when comparing to heat 
pipes. This study has thus managed to install a reverse 
tapered thermosyphon thereby overcoming the restriction 
and limitation of vertical operation. The effect of the reverse 
tapered thermosyphon has been that of reducing the drill bit 
tip temperatures, from 421° to 251° in exit temperatures on 
the 37th holes drilled, for dry drilling and thermosyphon 
drilling processes respectively.    
 
Thermosyphons operate within the limits of boiling, 
flooding and dry out and these need to be maintained when 
manufacturing the drill bit. The increase in web thickness to 
7 mm of the drill bit in design, brought an advantage in the 
ability to install a large web thickness of 6.48 mm in large 
diameter of the taper. The manufacturing process dictated 
that a taper thermosyphon of 5 mm in diameter of large 
taper be implemented and 2.5 mm in smaller diameter. This 
was still advantageous as a reverse taper was successfully 
manufactured for the testing processes. The quality of the 
drill bits was better because the wear on built up edge was 
not drastic due to a reduced flank wear of less than 0.1 mm.  
The previous limitations of orientation of the drill bit have 
now been overcome due to the manufacturing of the taper 
thermosyphon drill. As a result, the vertical orientation need 
not be the limits in testing. Electric Discharge Machining 
used for the initial creation of the pilot hole for the insertion 
of a reverse taper was expensive, an affordable method of 
gun drilling for the pilot hole can be explored. The filling 
ratio of the fluid within the thermosyphon needs to be 
explored further during the testing phase, variations in fluid 
amounts could produce better results. The success of this 
manufacturing of the thermosyphon drill that has a reverse 
taper will contribute to existing body of knowledge. More 
tests with various speeds need are recommended to obtain 
improved results. 
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